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•  C03O4  NSA  can  be  prepared  through  a  facile  chemical  etching  assistant  approach. 

•  Rational  designed  3D  hybrid  Co304@NiMo04  has  been  successfully  constructed. 

•  The  hybrid  Co304@NiMo04  shows  enhanced  pseudocapacitive  properties. 
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Electrodes  with  rationally  designed  hybrid  nanostructures  can  offer  many  opportunities  for  the 
enhanced  performance  in  electrochemical  energy  storage.  In  this  work,  the  uniform  2D  Co304-based 
building  blocks  have  been  prepared  through  a  facile  chemical  etching  assistant  approach  and  a  following 
treatment  of  thermal  annealing.  The  obtained  nanosheets  array  has  been  directly  employed  as  2D 
backbone  for  the  subsequent  construction  of  hybrid  nanostructure  of  Co304@NiMo04  by  a  simple  hy¬ 
drothermal  synthesis.  As  a  binder-free  electrode,  the  constructed  3D  hybrid  nanostructures  exhibit  a  high 
specific  capacitance  of  1526  F  g-1  at  a  current  density  of  3  mA  cm-2  and  a  capacitance  retention  of  72% 
with  the  increase  of  current  density  from  3  mA  cm-2  to  30  mA  cm-2.  Moreover,  an  asymmetric 
supercapacitor  based  on  this  hybrid  Co304@NiMo04  and  activated  carbon  can  deliver  a  maximum  energy 
density  of  37.8  Wh  kg-1  at  a  power  density  of  482  W  kg-1.  The  outstanding  electrochemical  behaviors 
presented  here  suggest  that  this  hybrid  nanostructured  material  has  potential  applications  in  energy 
storage. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Over  the  past  decades,  the  growing  demand  for  renewable 
sources  has  largely  triggered  the  worldwide  research  on  electrical 
energy  storage  devices  (EES).  As  one  of  the  promising  candidates  for 
energy  storage,  supercapacitors  (SCs)  have  been  paid  great  attention 
due  to  their  excellent  properties  such  as  high  power  density,  fast 
recharge  capability  and  long  cycle  life  [1  .  Generally,  pseudo¬ 
capacitors  based  on  transition  metal  oxides  can  offer  higher  capac¬ 
itance  values  than  carbon  materials  based  electrochemical  double¬ 
layer  capacitors  (EDLs)  [2  .  Therefore,  tremendous  efforts  have 
been  focused  on  the  former  type  of  supercapacitors  [3-6  . 
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In  order  to  obtain  high-performance  of  pseudo-capacitors,  the 
structural  improvement  based  on  the  electrode  materials  is  largely 
requisite  [7-12].  Exploring  proper  nanomaterials,  especially  ratio¬ 
nally  designed  three-dimensional  (3D)  metal  oxide  hybrid  nano¬ 
structures  (usually,  fabricated  by  certain  ID  or/and  2D  building 
blocks),  has  always  been  an  attractive  topic  [13-20  .  Among 
various  low-dimensional  metal  oxide  building  blocks,  Co-based 
nanosheets  array  has  been  considered  as  one  of  promising  elec¬ 
trode  materials  due  to  its  high  theoretical  capacitance,  environ¬ 
ment  benignity  and  good  pseudo-capacitive  performance  in 
alkaline  solutions  [21-24].  Up  to  now,  the  synthesis  of  metal  oxide 
nanosheets  array  can  be  generally  actualized  by  two  approaches: 
electro-deposition  and  hydrothermal  synthesis  [25-32].  In 
contrast  to  electro-deposition,  active  materials  obtained  by  hy¬ 
drothermal  synthesis  can  provide  uniform  and  large-scale  nano¬ 
sheets  array  with  numerous  large  channels,  which  would  facilitate 
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the  design  and  fabrication  of  3D  hybrid  nanostructures 
[21,22,24,25,33  .  However,  regardless  of  the  type  of  electrode  ma¬ 
terials,  the  capacitance  values  of  2D  building  blocks  obtained  by 
hydrothermal  synthesis  are  still  limited  [33-37].  Therefore,  it  will 
be  meaningful  to  explore  an  efficient  assistant  method  to  prepare 
large-scale  2D  nanosheets  array  with  the  improved  pseudo- 
capacitive  performance. 

As  an  attractive  member  in  the  class  of  the  AM0O4  type  mate¬ 
rials,  NiMoCH  has  attracted  more  and  more  research  interest  due  to 
its  potential  application  in  electrical  energy  storage  [38,39].  How¬ 
ever,  the  researches  on  its  nanostructure  fabrication  and  pseudo- 
capacitive  performances  have  been  rarely  referred  to  [40,41  .  To 
date,  the  reported  electrode  materials  based  on  NiMoCH  have  been 
usually  made  by  a  traditional  slurry-coating  method,  where  the 
involved  carbon  current  collector  and  polymer  binders  (or  addi¬ 
tives)  can  seriously  depress  the  pseudo-capacitive  performance 
[42-46].  In  order  to  meet  the  requirement  of  higher  capacitance 
values,  one  promising  method  is  to  fabricate  smartly  designed 
hybrid  nanostructures  combined  with  other  uniformly  low¬ 
dimensional  building  blocks  [47,48  . 

In  the  present  work,  we  have  prepared  uniform  2D  Co304-based 
building  blocks  through  a  facile  chemical  etching  assistant 
approach,  and  used  this  to  construct  a  binder-free  electrode  with 
hybrid  nanostructured  Co304@NiMo04  directly  grown  on  Ni  foam. 
The  electrochemical  tests  showed  that  this  as-synthesized  3D 
Co304@NiMo04  electrode  exhibited  a  high  specific  capacitance  of 
1526  F  g-1  at  3  mA  cm-2,  and  excellent  rate  performance  (72%  ca¬ 
pacity  retention  at  30  mA  cm-2).  To  further  evaluate  the  practical 
application  of  this  hybrid  Co304@NiMo04  NSA  in  EES,  an  asymmetric 
supercapacitor  (AS)  was  also  fabricated.  The  as-fabricated  AS  ach¬ 
ieved  a  specific  capacitance  of  121  F  g-1  at  a  current  density  of 
5  mA  cm-2,  and  a  maximum  energy  density  of  37.8  Wh  kg-1  at  a 
power  density  of  482  W  kg-1.  Such  attractive  electrochemical  per¬ 
formance  presented  here  implies  that  this  hybrid  electrode  can  be  a 
promising  candidate  for  practical  applications  in  supercapacitor. 

2.  Experimental  section 

2.2.  Preparation  of  uniform  2D  C03O4  nanosheets  array 

The  approach  for  synthesizing  uniform  2D  Co304-based  nano¬ 
sheets  array  (NSA)  has  employed  the  CoAl  layered  double  hydrox¬ 
ides  (CoAl  LDH)  as  pristine  material,  and  the  CoAl  LDH  NSA  was 
synthesized  by  a  simple  homogeneous  hydrothermal  method 
[49-51].  Typically,  the  reaction  solution  was  obtained  by  mixing 
Co(N03)2-6H20  (1  mmol),  A1(N03)3-9H20  (0.5  mmol),  NH4F 
(5  mmol),  and  urea  (35  mmol)  in  50  mL  of  ultrapure  water  with 
n(Co)/n(Al)  =  2:1.  After  being  stirred  for  1  h,  the  homogeneous  pink 
solution  was  transferred  into  a  Teflon-lined  stainless  steel  autoclave, 
and  then  a  piece  of  Ni  foam  was  immersed  into  the  reaction  solution. 
Subsequently,  the  bottle  was  capped  and  maintained  at  95  °C  for  6  h 
in  an  electric  oven  and  then  cooled  down  to  room  temperature.  After 
the  reaction,  the  sample  was  collected  and  rinsed  several  times  with 
ultrapure  water.  The  as-prepared  precursor  on  the  Ni  foam  was 
directly  immersed  in  5  M  NaOH  for  chemical  etching  overnight,  and 
then  rinsed  several  times  by  ultrapure  water  52,53].  Finally,  the 
uniform  2D  Co304-based  NSA  was  obtained  by  annealing  at  300  °C 
for  3  h.  For  comparison,  the  sample  of  CoAl  layered  double  oxides 
(CoAl  LDO)  was  also  prepared  under  the  same  annealing  conditions. 

2.2.  Preparation  of  Co304@NiMo04  hybrid  nanostructures 

To  obtain  hybrid  nanostructures  of  Co304@NiMo04,  the  subse¬ 
quent  hydrothermal  growth  of  NiMo04  was  processed  in  50  mL 
aqueous  solution  containing  0.5  M  Ni(CH3C00)2-4H20  and  0.5  M 


Na2Mo04-7H20  [38,41,46].  The  chemical-etched  CoAl  LDH  NSA 
(before  annealing  treatment)  was  directly  immersed  in  the  afore¬ 
mentioned  reaction  solution.  The  reaction  was  processed  at  140  °C 
for  1  h.  After  that,  the  sample  was  collected  and  rinsed  several 
times  with  ultrapure  water.  For  comparison,  the  aforementioned 
solution  was  further  used  to  fabricate  other  Co304@NiMo04  sam¬ 
ples  with  the  reaction  times  of  0.5  h  and  2  h,  respectively.  Finally, 
the  Ni  foam  with  the  as-prepared  hydrate  precursors  was  annealed 
at  300  °C  for  3  h  to  obtain  hybrid  Co304@NiMo04. 

2.3.  Material  characterizations  and  electrochemical  measurements 

X-ray  diffraction  (XRD)  patterns  were  recorded  on  a  Rigaku 
XRD-2400  diffractometer,  using  Cu-Ka  radiation  at  40  kV  and 
60  mA.  The  nanostructured  samples  were  observed  by  using  a  field 
emission  scanning  electron  microscope  (FESEM,  JSM-6701F)  and  a 
field  emission  transmission  electron  microscope  (FETEM,  TF20).  X- 
ray  photoelectron  spectroscopy  (XPS)  was  carried  out  by  using 
ESCALAB  210  spectrometer  (VG  Scientific,  UK).  Nitrogen  adsorp¬ 
tion/desorption  isotherms  were  measured  on  an  asap  2020 
analyzer.  All  samples  were  out  gassed  at  80  °C  for  6  h  under  vacuum 
prior  to  measurements.  The  specific  surface  areas  were  calculated 
using  the  Brunauer-Emmett-Teller  (BET)  method. 

The  electrochemical  measurements  were  carried  out  in  a  three- 
electrode  electrochemical  cell  by  using  the  CHI  660E  Electro¬ 
chemical  Workstation  at  room  temperature  with  the  2  M  KOH  as  the 
electrolyte.  The  Ni  foam  supported  active  materials  (Co304-based 
NSA  mass  ~  0.8  mg  cm-2,  CoAl  LDO  NSA  mass  ~  1.1  mg  cm-2, 
Co304@NiMo04  NSA  mass  ~  1.75  mg  cm-2)  were  used  directly  as 
the  working  electrodes.  A  Pt  plate  and  an  SCE  electrode  were  used  as 
the  counter  electrode  and  the  reference  electrode,  respectively. 
Electrochemical  impedance  spectroscopy  (EIS)  tests  were  conduct¬ 
ed  by  using  a  perturbation  amplitude  of  5  mV  in  the  frequency  range 
from  0.01  Hz  to  100  kHz.  The  galvanostatic  charge/discharge  tests 
were  conducted  on  a  LAND  battery  program-control  test  system.  The 
mass-specific  capacitance  (MSC,  Cs)  [F  g-1]  and  areal-specific 
capacitance  (ASC,  Ca)  [F  cm-2]  were  calculated  from  the  galvano¬ 
static  discharge  curves  using  equations  as  below: 

Cs  =  /t/mAV 
Ca  =  /t/SAV 

where  /  represents  the  charge-discharge  current  (A),  t  is  the 
discharge  time  (s),  AV  is  the  potential  (V),  S  is  the  geometrical  area 
of  the  electrode,  and  m  designates  the  total  mass  of  the  active 
materials  (g)  [13,16,20]. 

2.4.  Fabrication  of  the  asymmetric  super  capacitor 

The  electrochemical  performances  of  asymmetric  super¬ 
capacitor  (AS)  were  explored  under  a  two-electrode  cell  in  2  M  KOH 
electrolyte  solution  3  .  The  as-synthesized  Co304@NiMo04  NSA  on 
Ni  foam  was  directly  used  as  positive  electrode,  and  the  activated 
carbon  (AC)  was  used  as  negative  electrode.  The  negative  electrode 
was  prepared  by  a  traditional  “slurry-coating”  method,  and  the 
similar  process  can  be  found  in  the  references  [44,61  .  The  charge 
balance  between  the  two  electrodes  will  follow  the  relationship 
q+  =  q~.  The  charge  stored  (g)  by  each  electrode  depends  on  the 
following  equation: 

q  =  mCAV 

where  C  represents  the  specific  capacitance  of  the  electrode  (F  g-1), 
AV  is  the  potential  (V),  and  m  designates  the  total  mass  of  the  active 
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Scheme  1.  Schematic  illustration  of  the  chemical  etched  synthesis  of  hybrid 
Co304@NiMo04  NSA  electrode. 


materials  (g).  To  get  q+  =  q  ,  the  mass  ratio  between  the  positive 
and  negative  electrodes  needs  to  follow  [42]: 

m+/m_  =  A\/_C_/A\/+C+ 

The  energy  density  (E)  and  power  density  (P)  were  also  calcu¬ 
lated  as  follows  [3,43]: 

E  =  0.5C(Al/)2 
P  =  E/t 

3.  Results  and  discussion 

As  shown  in  Scheme  1,  the  construction  of  hybrid  Co304@Ni- 
M0O4  nanostructure  as  a  binder-free  electrode  involves  two  key 
steps.  First,  CoAl  LDH  NSA  was  employed  as  precursor  for  preparing 


the  uniform  2D  Co304-based  NSA  through  chemical  etching  pro¬ 
cess.  Second,  the  chemical-etched  sample  without  thermal 
annealing  was  directly  immersed  in  the  reaction  solution  for  the 
further  hydrothermal  growth  of  NiMo04. 

Fig.  1  displays  the  XRD  patterns  of  the  chemical  etched  C03O4 
NSA  and  hybrid  Co304@NiMo04  NSA,  respectively.  Apparently,  the 
three  highest  intensity  peaks  located  at  44.4,  51.6,  and  76.1°  in  both 
patterns  can  be  indexed  to  (111 ),  (200),  and  (220)  of  metallic  nickel, 
respectively  [3,24,54].  The  reflection  peaks  beside  the  Ni  foam  for 
the  chemical  etched  C03O4  NSA  electrode  belong  to  C03O4  (JCPDS 
no.  42-1467),  which  is  consistent  with  the  previous  reports  [48]. 
For  the  Co304@NiMo04  NSA,  two  weak  peaks  at  19.3  and  49.3° 
belong  to  the  NiMo04  (JCPDS  no.  33-0948),  demonstrating  that  the 
existence  of  a-NiMo04  in  the  hybrid  composite  [55  .  Besides,  the 
similar  XRD  results  based  on  powder  samples  can  be  found  in 
Fig.  SI,  which  was  carried  out  by  scraping  the  active  materials  from 
Ni  foam  before  tests.  The  surface  chemical  composition  of  the 
hybrid  sample  can  be  further  verified  by  XPS,  as  shown  in 
Fig.  1B-D.  The  Co  2p  core  level  spectrum  shows  two  speaks  with 
binding  energies  of  781  and  796  eV,  representing  the  Co  2p3/2  and 
Co  2pi/2  for  C03O4,  respectively.  The  Ni  2p  core  level  XPS  spectrum 
shows  two  major  peaks  at  856  and  873.8  eV,  which  can  be  assigned 
to  Ni  2p3/2  and  Ni  2pi/2,  representative  of  the  existence  of  the  Ni2+. 
Two  binding  energy  peaks  located  at  232.6  and  235.7  eV  can  be 
observed  in  the  region  of  Mo  3d,  which  is  a  signature  of  Mo6+ 
oxidation  state  [39  . 

Morphologies  of  the  CoAl  LDO  NSA  and  the  bare  Co304-based 
NSA  were  observed  by  SEM.  As  shown  in  Fig.  2,  the  SEM  images 
reveal  that  the  uniform  films  of  the  two  samples  on  the  Ni  foam  are 
composed  of  regular  nanosheets,  and  these  films  grow  vertically 
and  have  an  open-up  network  structures  covered  uniformly  on  the 
substrate  surface.  After  the  chemical  etching  process,  the  covered 
film  of  the  bare  Co304-based  NSA  still  preserves  the  unique 
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Fig.  1.  (A)  XRD  patterns  of  the  chemical  etched  Co304  NSA  and  hybrid  Co304@NiMo04  NSA  electrodes.  (B,  C,  D)  XPS  spectra  of  Co  2p,  Ni  2p  and  Mo  3d  for  hybrid  Co304@NiMo04  NSA 
electrode. 
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Fig.  2.  SEM  images  of  CoAl  LDO  NSA  (A)  and  chemical  etched  Co304  NSA  (B). 


network  and  large  “V-type”  channels  without  collapse.  Impres¬ 
sively,  numerous  holes  of  several  to  tens  of  nanometers  in  size  can 
be  easily  found  in  the  cross-linked  nanosheets  as  compared  with 
the  intact  CoAl  LDO  NSA.  The  large  “V-type”  channels  combined 
with  the  holey  structures  can  do  benefit  to  the  fully  utilization  of 
the  active  materials  for  high  pseudo-capacitance,  which  will  be 
discussed  in  the  following  section  52]. 

To  demonstrate  the  validity  of  our  synthesis  strategy  for  con¬ 
structing  3D  core/shell  hybrid  nanostructures.  The  hydrothermal 
growing  process  of  the  NiMo04  shell  was  also  studied  by  observing 
the  morphologies  along  with  the  elongation  of  reaction  time  (0, 0.5, 
1,  and  2  h),  as  shown  in  Fig.  3.  Before  the  hydrothermal  reaction,  the 
bare  Co304-based  NSA  consists  of  regular  nanosheets  with 
numerous  holes  in  them  (Fig.  3A).  After  being  immersed  into  the 
reaction  solution  and  processed  for  0.5  h,  the  sandwich-like 
nanostructures  without  spreading  shell  can  be  easily  found 
(Fig.  3B).  Impressively,  the  core/shell  hierarchical  nanostructures  of 
Co304@NiMo04  NSA  can  be  successfully  formed  under  the  hydro- 
thermal  growth  time  of  1  h  (Fig.  3C).  With  prolonging  the  reaction 
time  to  2  h,  the  NiMo04  shell  has  been  completely  coated  on  the 
surface  of  the  C03O4  NSA  (Fig.  3D).  Based  on  these  results,  the  total 


mass  of  the  NUVI0O4  shell  can  be  easily  controlled  via  changing  the 
hydrothermal  growth  time.  Besides,  the  morphology  changes  of  the 
hybrid  electrodes  along  with  the  hydrothermal  reaction  time 
would  play  the  key  role  in  the  capacitive  performance  undoubtedly, 
which  will  be  confirmed  in  the  following  electrochemical 
characterizations. 

The  nanostructures  of  the  bare  Co304-based  NSA  and  hybrid 
Co304@NiMo04  NSA  (1  h  sample)  were  further  characterized  by 
TEM,  as  shown  in  Fig.  4.  In  contrast  to  the  bare  Co304-based  NSA 
(Fig.  4A),  it  can  be  found  that  a  randomly  oriented  NiMo04  shell 
enwraps  the  Co304-based  NSA  (Fig.  4C),  which  is  in  good  agreement 
with  SEM  observation.  The  high-resolution  TEM  (HRTEM)  images  of 
both  samples  are  also  shown  in  Fig.  4B  and  D.  Thereinto,  the  F1RTEM 
image  of  Fig.  4B  shows  an  interplanar  spacing  of  0.241  nm,  corre¬ 
sponding  to  the  (311)  planes  of  C03O4.  For  the  hybrid  Co304@Ni- 
M0O4  NSA  (Fig.  4D),  the  lattice  fringes  with  the  spacing  distances  of 
0.207  nm  and  0.465  nm  can  be  indexed  to  the  (330)  and  (101) 
crystal  planes  of  NiMo04  (JCPDS  no.  33-0948),  again  demonstrating 
that  the  existence  of  a-NiMo04  in  the  hybrid  sample. 

To  validate  the  advantages  of  our  assistant  synthesis  method,  we 
investigated  the  electrochemical  performance  of  Co304-based  NSA 


Fig.  3.  SEM  images  of  the  electrodes  obtained  at  different  hydrothermal  growth  times:  (A)  0  h,  (B)  0.5  h,  (C)  1  h,  (D)  2  h. 
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Fig.  4.  TEM  and  HRTEM  images  of  chemical  etched  Co304  NSA  (A,  B)  and  hybrid  Co304@NiMo04  NSA  (C,  D.  1  h  sample).  Inset:  SAED  patterns  of  chemical  etched  Co304  NSA  (A)  and 
hybrid  Co304@NiMo04  NSA  (C). 


and  CoAl  LDO  NSA  in  a  preliminary  study.  As  shown  in  Fig.  5,  all 
measurements  were  carried  out  in  a  standard  three-electrode  cell 
with  2  M  KOH  aqueous  solution  as  electrolyte.  The  typical  cyclic 
voltammetry  (CV)  curves  of  the  Co304-based  NSA  and  CoAl  LDO 
NSA  electrodes  within  the  potential  window  of  -0.2-0.6  V  (vs.  SCE) 
at  various  scan  rates  are  shown  in  Fig.  5A,  C.  In  contrast  to  the  CV 
curves  of  the  CoAl  LDO  NSA,  the  Co304-based  NSA  has  more  distinct 
redox  peaks.  Besides,  the  enclosed  CV  curve  area  of  the  C03O4- 
based  NSA  is  obviously  larger  than  that  of  the  CoAl  LDO  NSA  at  the 
same  scan  rate  (Fig.  5E),  reflecting  that  the  Co304-based  NSA  has 
higher  specific  capacitance  [37  .  This  is  in  good  agreement  with  the 
results  obtained  by  the  galvanostatic  charge-discharge  measure¬ 
ment  (Fig.  5B,  D).  Based  on  the  discharge  curves  of  the  two  elec¬ 
trodes,  the  summary  plots  of  the  specific  capacitances  versus  the 
current  densities  are  shown  in  Fig.  5F.  As  can  be  seen,  the  specific 
capacitances  of  Co304-based  NSA  are  calculated  to  be  1033  F  g-1  at 
a  low  current  density  of  3  mA  cm-2  (3.75  A  g-1)  and  533  F  g-1  at  a 
high  current  density  of  30  mA  cm-2,  and  at  least  51%  level  can  be 
maintained,  whereas  the  maximum  specific  capacitance  of  CoAl 
LDO  NSA  is  only  516  F  g-1.  In  addition,  the  maximum  specific 
capacitance  reported  here  is  much  higher  than  those  previously 
reported  Co-based  low  dimensional  building  blocks,  such  as  C03O4 
nanofilm  (786  Fg-1  atl  Ag-1)  [25],  NiQ^CH  nanowire  (245  F  g-1  at 
1  A  g-1)  [37],  C03O4— NiO  nanosheet  (506  F  g-1  at  1  A  g-1)  [56], 
C03O4  porous  nanowall  (325  F  g-1  at  2  A  g-1)  [57],  porous  C03O4 
nanofilm  (443  F  g-1  at  2  A  g-1)  [58  ,  etc.  Such  enhanced  pseudo- 
capacitive  performance  further  proves  the  great  advantages  of 
the  present  chemical  etching  assistant  method,  which  would  make 
the  Co304-based  NSA  more  suitable  as  backbone  for  the  subsequent 
construction  of  3D  hybrid  electrode  for  supercapacitor  applications. 

To  explore  the  potential  of  utilizing  the  hybrid  Co304@NiMo04 
in  energy  storage,  similar  electrochemical  tests  were  also  carried 
out  on  the  hybrid  electrodes  with  various  hydrothermal  growth 
times  (Fig.  6).  As  can  be  seen,  all  the  CV  curves  are  consisted  of  two 
obvious  redox  peaks,  indicating  that  the  specific  capacitance 
characteristics  are  mainly  attributed  to  the  faradic  redox  reactions 
of  Co3+/Co4+  and  Ni2+/Ni3+  (Fig.  6A,  C  and  E)  [13,40,59],  With  the 


increase  of  the  sweep  rate,  the  anodic  peak  potential  and  cathodic 
peak  potential  shift  to  more  anodic  and  cathodic  directions, 
respectively.  The  galvanostatic  discharge  characteristics  of  different 
samples  within  a  voltage  range  of  0-0.45  V  are  shown  in  Fig.  6B,  D 
and  F.  It  can  be  noted  that  the  voltage  plateaus  match  well  with  the 
peaks  observed  in  the  CV  curve,  and  the  nonlinear  discharge  curves 
further  verify  the  pseudo-capacitive  characteristics  of  hybrid 
Co304@NiMo04  electrodes.  Based  on  the  tests  mentioned  above, 
the  electrochemical  results  of  all  samples  were  summarized  for  the 
following  discussions.  As  shown  in  Fig.  7A,  B,  the  specific  capaci¬ 
tance  values  increase  along  with  the  hydrothermal  growth  time  in  a 
range  of  0.5-1  h,  and  the  sample  with  the  growth  time  of  1  h 
presents  the  best  electrochemical  performance  (1526  F  g-1  at 
3  mA  cm-2).  When  the  reaction  time  is  further  extended  to  2  h,  the 
total  mass  of  the  NiMo04  increases  accordingly,  whereas  the 
maximum  specific  capacitance  and  the  rate  capability  decrease. 
Thus  the  hydrothermal  growth  time  of  1  h  can  be  considered  as  the 
optimum  choice  for  the  construction  of  hybrid  Co304@NiMo04 
electrode  in  this  case  (Fig.  7C).  As  expected,  the  addition  of  NiMo04 
not  only  offers  another  active  material  for  capacitive  reaction,  but 
also  provides  an  enlarged  surface  area  of  the  whole  electrode  as  the 
mass  load  increases.  Based  on  the  BET  tests,  the  Co304-based  NSA 
and  hybrid  Co304@NiMo04  NSA  (sample  of  1  h)  have  the  specific 
surface  areas  of  5.98  m2  g-1  and  10.28  m2  g-1,  respectively,  whereas 
the  specific  area  of  the  Ni  foam  substrate  is  only  0.13  m2  g-1(Fig.  S2, 
Table  SI).  The  enlarged  specific  surface  area  of  the  binder-free 
electrode  ensures  sufficient  exposure  of  the  active  materials  to 
the  KOH  electrolyte.  Moreover,  the  MSC  and  the  ASC  values  of  the 
bare  Co304-based  NSA  and  hybrid  Co304@NiMo04  are  also  illus¬ 
trated  in  Fig.  7D  for  comparison.  The  ASC  values  of  hybrid 
Co304@NiMo04  are  calculated  to  be  2.67,  2.58,  2.49,  2.35,  2.24,  2.12 
and  1.92  F  cm-2  at  current  densities  of  3,  5,  7,  10,  15,  20  and 
30  mA  cm-2,  respectively.  The  hybrid  Co304@NiMo04  reserves  72% 
of  its  original  capacitance  when  the  current  density  is  increased 
from  3  to  30  mA  cm-2,  whereas  the  capacitance  retention  of  the 
bare  Co304-based  NSA  is  about  51%  (0.83  and  0.43  F  cm-2  at  3  and 
30  mA  cm-2).  Such  enhanced  performance  suggests  that  the  hybrid 
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Fig.  5.  Electrochemical  performance  of  the  bare  Co304-based  NSA  (A,  B)  and  the  CoAl  LDO  NSA  (C,  D)  electrodes  measured  in  2  M  KOH  solution.  (A,  C)  CV  curves  of  the  bare  C03O4- 
based  NSA  and  the  CoAl  LDO  NSA  electrodes  at  different  scan  rates,  (B,  D)  discharge  curves  of  the  bare  Co304-based  NSA  and  the  CoAl  LDO  NSA  electrodes  at  different  current 
densities,  (E)  CV  curves  of  the  bare  Co304-based  NSA  and  the  CoAl  LDO  NSA  electrodes  at  a  scan  rate  of  20  mV  s-1,  (F)  Mass-specific  capacitance  and  areal-specific  capacitance  of  the 
bare  Co304  NSA  and  the  CoAl  LDO  NSA  electrodes  as  a  function  of  current  densities. 


electrode  is  more  capable  to  maintain  stable  reactions  with  alkaline 
electrolyte  at  high  current  densities  [20  .  Besides,  the  capacitance 
values  in  this  work  are  superior  to  those  previously  reported  core/ 
shell  nanostructures,  such  as  Co304@NiO  nanowire  arrays 
(1.35  F  cnrT2  at  6  mA  cm-2)  60],  NiCo204@Mn02  nanowire  arrays 
(2.244  F  cm-2  at  2  mA  cm-2)  [61],  Mn02@Ni0  core/shell  nanowire 
arrays  (0.35  F  cm-2  at  9.5  mA  cm-2)  [62],  NiCo204@NiCo204 
nanosheets  array  (2.20  F  cm-2  at  5  mA  cm-2)  [24],  and  are  also 
higher  than  those  reported  AM0O4  (A  =  Co,  Ni)  based  bulk  mate¬ 
rials,  such  as  CoMo04/graphene  (395  F  g-1  at  1  mV  s-1)  [63], 
NiMo04  XH2O  nanorods  (1136  F  g-1  at  5  mA  cm-2)  [42  ,  NiMoCH 
nanospheres  (974  F  g_1  at  1  A  g'1 )  [38  ,  Gr-NiMo04  XH2O  (367  F  g-1 
at  5  A  g"1)  [39],  C0M0O4— NiMo04  xH20  bundles  (1039  F  g"1  at 
2.5  mA  cm-2)  [43]. 

The  electrochemical  processes  of  these  hybrid  materials  were 
further  examined  by  EIS  analysis,  which  were  performed  in  a  fre¬ 
quency  range  of  0.01-100  kHz  at  open  circuit  potential  with  an 
amplitude  of  5  mV.  As  shown  in  Fig.  8,  the  X-intercept  of  the 
Nyquist  plots  in  the  high  frequency  range  represents  the  equivalent 


series  resistance  (ESR),  which  includes  the  ionic  resistance  of 
electrolyte,  inherent  resistances  of  the  active  material  and  contact 
resistance  between  electrolyte  and  electrode.  Apparently,  the 
sample  of  1  h  displays  the  smallest  ESR,  demonstrating  that  this 
hybrid  electrode  possesses  the  highest  electrical  conductivity.  Be¬ 
sides,  the  Nyquist  plot  of  1  h  sample  also  presents  the  smallest 
semicircle,  indicating  that  it  has  a  faster  charge-transfer  process 
than  those  of  others.  The  above  features  are  consistent  with  the 
higher  capacitance  and  better  capacitance  retention  of  this  sample 
as  discussed  in  the  preceding  sections.  Moreover,  the  1  h  sample 
has  a  more  vertical  line  in  the  low  frequency  range,  again  validating 
its  better  capacitive  behavior  with  lower  diffusion  resistance. 

The  cycling  stability  tests  of  the  bare  Co304-based  NSA  and 
hybrid  Co304@NiMo04  NSA  electrodes  were  carried  out  by  using 
galvanostatic  charge/discharge  technique  in  the  potential  window 
of  0-0.45  V,  as  shown  in  Fig.  9.  For  the  bare  Co304-based  NSA 
electrode,  the  ASC  is  about  0.72  F  cm~2  after  1000  cycles  at  the 
discharge  current  density  of  7  mA  cm-2  (about  92%  retention), 
indicating  that  the  Co304-based  NSA  obtained  through  this 
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Potential  vs.  SCE  (V) 


Time  (s) 


Fig.  6.  Electrochemical  performances  of  Co304@NiMo04  electrodes  measured  in  2  M  KOH  solution.  (A,  C,  E)  CV  curves  of  Co304@NiMo04  electrodes  at  different  scan  rates,  (B,  D,  F) 
discharge  curves  of  Co304@NiMo04  electrodes  at  different  current  densities. 


assistant  method  has  the  potential  usage  as  2D  backbone  for  the 
construction  of  hybrid  nanomaterials.  Although,  as  the  figure 
shows,  the  Co304@NiMo04  NSA  electrode  displays  a  declining 
behavior  during  such  a  long-term  cycling  tests  (about  70%  retention 
after  1000  cycles),  the  final  ASC  value  is  still  better  than  that  of  the 
bare  one  even  at  a  higher  discharge  current  density  of  15  mA  cm-2. 
This  declining  behavior  is  similar  to  those  previously  reported 
AM0O4  (A  =  Co,  Ni)  based  electrodes,  which  can  be  generally 
explained  by  the  irreversible  features  of  the  Faraday  reactions  and 
the  dissolution  of  active  materials  from  the  hybrid  nanostructures 
during  the  cycling  test  [38,43,47,59]. 

To  further  explore  the  application  of  the  hybrid  Co304@NiMo04 
nanostructures  in  EES,  we  used  the  as-synthesized  Co304@NiMo04 
NSA  (sample  of  1  h)  as  the  positive  electrode  and  activated  carbon 
(AC)  as  the  negative  electrode  to  successfully  fabricate  an  asym¬ 
metric  supercapacitor  (Co304@NiMo04  NSA//AC,  Fig.  10).  As  can  be 
seen,  the  potential  windows  of  the  Co304@NiMo04  NSA  and  AC 
electrodes  are  -0.2-0.6  V  and  -1.0  to  0  V,  respectively.  The  CV 
curves  of  the  AS  at  different  scan  voltage  windows  and  different 
scan  rates  were  also  summarized,  as  illustrated  in  Fig.  10B,  C.  It 


could  be  noted  that  the  electrochemical  windows  of  the  AS  can  be 
extended  to  1.6  V,  and  its  CV  curves  reveal  the  contributions  of  both 
electric  double  layer  capacitance  and  pseudo-capacitance.  To 
obtain  the  specific  capacitance,  power  density  and  energy  density, 
the  charge-discharge  tests  at  different  current  densities  were  also 
carried  out  (Fig.  10D).  Based  on  the  calculated  capacitance  values, 
the  as-fabricated  Co304@NiMo04  NSA//AC  asymmetric  super¬ 
capacitor  can  deliver  a  maximum  energy  density  of  37.8  Wh  kg-1  at 
a  power  density  of  482  W  kg-1,  and  still  retain  25.3  Wh  kg-1  at  a 
high  power  density  of  4819  W  kg-1  (Fig.  10E,  F).  The  obtainable 
energy  density  values  in  this  work  are  higher  than  those  previously 
reported  asymmetric  supercapacitors  with  aqueous  electrolytes, 
such  as  NiCo204@Mn02//AC  (35  Wh  kg'1)  [61  ,  Ni-Co  binary  hy- 
droxides//CG  (26.3  Wh  kg'1)  64  ,  Ni-Co  sulfides//AC  (25  Wh  kg'1) 
[65]  and  GNCC//AC  (7.6  Wh  kg'1)  [66].  Moreover,  we  have  assem¬ 
bled  two  supercapacitors  in  series  and  powered  a  5  mm  diameter 
red  LED  indicator,  the  corresponding  photographs  of  the  assembled 
system  are  shown  in  Fig.  11.  All  of  these  attractive  results  further 
demonstrate  that  the  hybrid  Co304@NiMo04  NSA  have  practical 
applications  in  EES. 
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Fig.  7.  (A)  CV  curves  of  the  C03O4  NSA  and  hybrid  Co304@NiMo04  electrodes  at  a  scan  rate  of  20  mV  s_1,  (B)  The  specific  capacitance  values  and  mass  load  of  active  materials  as  a 
function  of  deposition  time,  (C)  Specific  capacitance  of  Co304@NiMo04  as  function  of  current  density,  (D)  Weight-specific  capacitance  and  areal-specific  capacitance  of  the  bare 
C03O4  NSA  and  hybrid  Co304@NiMo04  electrodes  as  a  function  of  current  densities. 


Based  on  the  results  mentioned  above,  the  enhanced  pseudo- 
capacitive  performance  of  the  hybrid  Co304@NiMo04  electrode 
should  be  attributed  to  the  outstanding  structural  features  of  each 
component.  First,  the  porous  Co304-based  NSA  obtained  by 
chemical  etching  assistant  approach  can  provide  many  “holes”  in 
the  uniform  2D  structure.  These  holey  nanosheets  can  expose  a 
larger  contact  area  to  the  electrolyte,  thus  the  enhanced  capacitive 
performance  compared  to  the  intact  nanosheets  array  can  be  ex¬ 
pected.  Second,  the  hybrid  nanostructures  of  Co304@NiMo04  in¬ 
crease  the  amount  of  accessible  active  sites  for  the  capacitive 
reactions.  On  the  one  hand,  the  uniform  2D  Co304-based  building 
blocks  can  supply  numerous  large  “V-type”  channels  between  the 


arrays,  allowing  full  exposure  of  the  nanosheets  to  the  electrolyte. 
On  the  other  hand,  the  loosely  assembled  NiMo04  obtained  by 
hydrothermal  synthesis  is  also  beneficial  for  facilitating  full  contact 
of  the  NiMo04  shell  with  OH-  in  the  electrolyte,  which  would 
improve  the  effective  utilization  of  the  active  materials,  and  thus 
increasing  the  specific  capacitance  undoubtedly. 

4.  Conclusions 

In  summary,  the  uniform  2D  Co304-based  building  blocks  were 
successfully  prepared  through  a  facile  and  effective  chemical 


Fig.  8.  EIS  tests  with  the  frequency  from  0.01  Hz  to  100  kHz.  The  inset  shows  the 
magnified  high-frequency  regions. 
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Fig.  9.  The  cycling  stability  tests  of  the  bare  Co304-based  NSA  and  hybrid  Co304@Ni- 
Mo04  electrodes  at  different  current  densities  (7  mA  cm-2  for  the  bare  Co304-based 
NSA  and  15  mA  cm-2  for  the  hybrid  Co304@NiMo04). 
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Fig.  10.  (A)  C V  curves  of  the  hybrid  Co304@NiMo04  (-0.2  to  0.6  V)  and  AC  (-1.0  to  0  V)  at  a  scan  rate  of  20  mV  s_1,  (B,  C)  C V  curves  of  the  as-fabricated  Co304@NiMo04//AC 
asymmetric  supercapacitor  at  different  scan  voltage  windows  and  different  scan  rates,  respectively.  (D)  charge-discharge  curves  of  the  as-fabricated  Co304@NiMo04//AC  asym¬ 
metric  supercapacitor  at  different  current  densities,  (E)  specific  capacitance  values  of  the  Co304@NiMo04//AC  asymmetric  supercapacitor  as  function  of  current  density,  (F)  Ragone 
plot  of  the  Co304@NiMo04//AC  asymmetric  supercapacitor  compared  with  other  reported  data. 


etching  assistant  approach.  The  unique  nanostructure  shows  the 
enhanced  electrochemical  behavior,  which  make  it  more  suitable 
for  constructing  3D  hybrid  electrode  materials.  As  a  binder-free 
electrode,  the  constructed  3D  hybrid  Co304@NiMo04  represents 


impressive  pseudo-capacitive  performances  (a  high  specific 
capacitance  of  1526  F  g-1  at  a  current  density  of  3  mA  cm-2  and  a 
capacitance  retention  of  72%)  as  compared  with  the  reported  bulk 
NiMo04  based  materials.  Besides,  an  asymmetric  supercapacitor 


(B) 

* 

Fig.  11.  (A)  A  photograph  of  the  as-fabricated  asymmetric  supercapacitor  devices  and  light-emitting  diodes  (LED),  (B)  A  photograph  of  a  red  LED  lighted  up  by  two  Co304@NiMo04// 
AC  devices  in  series.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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based  on  this  hybrid  Co304@NiMo04  NSA  and  activated  carbon  can 
deliver  a  maximum  energy  density  of  37.8  Wh  kg-1  at  a  power 
density  of  482  W  kg'1.  All  these  attractive  results  suggest  that  the 
aforementioned  assistant  synthesis  strategy  can  be  directly  applied 
to  other  multifunctional  components  to  construct  3D  nano¬ 
structures,  achieving  the  hybrid  electrodes  that  hold  the  promise 
for  practical  applications  in  supercapacitor. 
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